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Michael C. Kimble and Nicholas E Vanderborgh
Advanced Engineenng Technelogy/MEE-13
Los Alamos Nauonal Laboratory
Los Alamos. NM 87545

ABSTRACT

Amathemancal model of the two-pbase flow 1n a fuei cell gas
:hannel 1s developed and used (10 predict the mass. momentum.
nd thermal distnbuuons of a mulu-component gas and liquid wa-
2r muxture on the cathode side. Regions where Hooding may oc-
-ur are demonstrated by using the model evaluated with vanous
wperaung condiuons typical of fuel cell operauons Condiuons
where drv. saturated. and two-phase flows are introduced inte the
:hannel are dcmonstrated and the results compared. These results
;how the distnbuuon of water and beat 1n the channel which may
e used to design better flow channels.

INTRODUCTION

Previous advances on ithe proton exchange membrane (PEM)
fuel cell have resul:=d in designs now compettive with other elec-
Jochemical power sources. both fram an econamic and a power
asroducing basis Rescarch advances in ulua-thin membrane sepa-
awn. thin klm electrodes. and low plaunum loadings have led
ugh power densiues within potentally low cost devices Other
‘Lick components. for instance, e ianode and cathode gas fiow
nelds are less advanced than the membrane und electrode assem-
sies Lach of these tlow hields 15 poviioned between an clectrode
nd the hipolar plate as shown in Eig 1 Flow helds must permit
zaseous and liquid mass flow while maintuning adequate elec-
Joni conducuvity Large area low field designs demonsirate
«aling problems in thenmal and mass management not seen n
small, single cells Atvpical probletn is hquid wister accumulation
~hich inhubis gas transport resulung in decreased fuel cell pertor-
nance One of the imponant tasks that needs to be addressed s the
pumal How geometry ol the reactant gus flow lields [ order w
sbtan agh tuel cell pertormance. 1t s necessiry o maatamn i syl -
neiently high reactant concentmtion whale prevenung cither ex-
ess water hvdranhion or dehydration Also of importance i the
fistributon of heat which has da strong unpact on tuel cel! pertor-
nanee by atlecung. for example, water aml speoies transport aas
acllas o lecung the electrchemcal reactions in the electnxdes
Reguired control of this thermal management is necessary (o
nintnn stable. mgh peronnance as discissed by Vanderborgh e
i 11

A mathenutcsl model of the gas and Lgquid How in the gas
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channel can give a betier understandwng of this complex phenom-
ena which may lead to beuter water and thermal management in
the fuel cell The model developed for this work considers the
mass distnbuuon of the gases (O, N, and H20), the mass distn-
buuon ot hquid H~0). the momentum disinbuuon of the gas phase
and of the hquid phase. and the thermal distnbution of the com-
bined gas and hiquid pbases. Also, since the gas and liquid phase
volumes change throughout the gas channel. these volume chang-
es are accounted for 1n the model. By considenng the transport of
each phase separately. more realism 1s included in the model with
less rehance on empincal comrelations. The development of the
phenomenological equations will be descnbed next

MODEL DEVELOPMENT

A conceptualizauon of the two-phase tiow chanuel is shown
in Fig 2 Note that cach phase 15 assumed continuous and separv .
1n order thal conunuum conservaunn eyuations may be applied o
each phase As the gas flows down the channel, O, is consumed
by the electrochemical reacnon while some of the H,O produced
by the reacuon enters the gas chennel. As more and more waler en-
lers the chunnel. the crons-secuony! area lor tlow of the gas and
liquid phases changes. which causes the velocities of each phase
o change These varying veloaiues throughout the channel will
ntluence the mass and thermal distnbuuons in the flow channel.
The heat brought into the channel with the convacnve flow, cun-
sumpuon/production ot species 1o the fuel cell. condensation/
cvapuration, and lieit boss through the channel walls affects the
wmperature ol the gas-higud mixwre. Hence. the varying temper-
dture, crons -sechional area (volume), consumpton of O, and pro-
ducuon ol Hat) changes the density ol the mixture and must be
seaunted for in the muodel

The varusbles o interest in thas work are the concentrsuons,
C,. tmolem ' 1of uxygen, pitrogen. and water i the gas phase. the
number ot mules. A, ol liguid water. the velocity (cmvs) of the gaa
phase, v and hyud pluse. v/ the crosss sectional areas (cm*) for
flow ut the gas phase, A%, and hguud piaise. A, in the channel and
the wr ~emture 1Kot the two-phase maxture, I' The equations
necessn v o dewernibe the gas and liquid flow are the equatvon o
contmuity for each ras spectes 1 and hguud water. an equation of
IOt f Citch pliee. o1 conservaton ol arca { volume) equation,
4 liquid water density correlation, and a conservauon of encrgy



expression. [n order to gain more accuracy with the model and to
use ds tew cormrelations or empiricisms as possible, the conserva-
tion equanons are applied to each phase. Quast one-dimensional
cuouservauon equanons are formulated since the cross-sectional
area tor flow is not constant | 2]. A mass balance taken about a vol-
ume element where the veloaity, density, and cross-secuonal area
tor flow may vary results in the following steady-state equation:

0= = d(C.8a8) + RSW ()
dr ! !

where R,*' is the production rite (mobem*-s) fora gaseous species
1 and Ws the width of the channel. A sumilar expression can be
used for the liyuid water:

G- d Al a1 [ . "

i) = ‘h(cuz()» A" +R”20w 2)
Nince water 1s the only species in the liguid phase. the density of
water, based on tabulated values (3], can be used w express the
liquid phase cross-sectional area for liquid low as given by:

M, 0MH,0

= S._.._.=. R
p(T)Ax

where Ax s the step size in the spatial discretization of the How
channel used in solving the system of equauons and M, is the mo-
leculir werght of species ¢, ‘The total cross-secuonal area, Al of
the gas channel is constant which allows the gas phase area for
flow tu be readily obtained:

-A C))]

I'he reacuon rate expressions in kgs. (1) and (2) correspond
to the production or consumption of a species in the tuel cell
which. tor this work, are given as a function ot the local current
density and the stoichiometry of the ele«:U(gcbemn(-:u reacuons.
Henge, tor a given current denstty, ) (A/cm=), the oaygen reacuon
rae 1.

4F
The reacuion rite for Ny is set to zero which assumes that ro cross-
aver of nitrogen oceurs from the cathade to the anode. This con-
ditionr conld, of course, be changed to account for the cross-over
eHect. but s not constdered for this work isased on the overall re-
action an the PEM fuel ¢l twice as much witer 18 produced us
oxveen (s consumed. Of tie water produced. i certan traction. /..
leaves through the catlude with the remunnder leaving through the
wede L or sumplhicaty, this fraction s set o i vadue (o perform the
iculatons . A more rigorous approach could be used to include
the s and hqud tinsport across the tuel coll telectnudes and
sepatiton iy would regasre sccurnte kiowledge ot the trans-
pont patareters such as the water diffusion coethicient. However,
av disersed by Vimderbaorgh ef ol {41, the imtertacial trimsport
rrocesses acioss the system ey ot be iepresented by equilibn -
un condions which are typically used to measure ditfusivities
amd electroosamote dnig coetficients Henoe, the rate ol witer
produchon i the athoe i

kb == (5)

hunhle ape )
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‘The model treats any liquid water entering the How channel as go-
ing first to the vapor state until the saturation noint is rcached.
Omnce the gas is saturated, any water entenne 1. : channel will then
contnbute to the liquid stawe of the channel.

The equation of motion is written for each phase to give the
gaseous and liquid phase velocities. Applied to the gas phase, the
appropriate conservation expression simplitic : to;

0= - “l—lx(pg\'gv"Ag) +vy 7
where the gas phase density is
8 = 9
P C()zMO2 + CN:MN2 + CH,OMHZO (8)

and where y is an interfacial acceleration term formulated by
consideration of the nertial forces 1n a volume element between
the two phases based on a changing cross-secuonal Aow area.

v = (phhl ~pti8i8) dAI 9)

dx

Equation (9) allows part of the momentum of one phase to be
transferred to the other phase based solely on inertial effects. Note
that 1n Ey. (7) the only significant term in the equation of motion
15 the inertial effect. Based on the Re number, inertial effects are
more dominant than the viscous etfects for this type of flow sys-
tem. Assuming a constant pressure over the short length of the
flow channel, pressure effects are also ncglected. This assumption
could be changed by incorporating an accurate equation of state
for the two-phase, multi-component mixture. The liquid phase ve-
locity is given by a sumilar expression to Eq. (7):

0=~ ‘}_‘_(pl\"v’Al) — (0

An average iemperature of the gas and liquis phases is calcu.
lated by accounung for the heat tlux ¢nenng the channel from the
walls and from the heat iux due to the production/consumption of
species into the channel due to reaction 1n the fuel cell and low
etfects. Thus. the equauon of enerpy becomes:
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where ¢, 18 the heat capacity of species 1k s an area averaped



thermal conducuvity for the mixture, and 4, is the enthalpy for
species 1. Note that the termn on the left hand side of Eq. (11) rep-
resents the heat brought into the chaneel due (o How, the tirst and
second werms on the nght hand side correspond to heat loss/gan
through the channel walls where 7, 1s the temperature ol the
wall. and the remainder of the terms in Eq. (11) represent the heat
trought into or out of the channel due to the production or con-
sumpuon of H-0 and ()5, respecuvely.

RESULTS AND PISCUSSION

In order 1o simulate the flow through the serpentine tlow path
as shown n Fig. 1, a continuous straight channel was assumed for
the sumulauon so that quasi one-dimensional equaunons could be
used. Equauons (1) - (11) were solved numencally by second-or-
der accurate finite difference approximations. A set of base case
parameters. shown 1n lable 1, were used comesponding to a single
cell with an acuve area of 46.45 cm= (1/20) ft=). Three dilicrent n-
let condiuons (two- phase flow, relauve hunadity = 0 and 1(X\)%)
were selected reflecung the most probable modes of operaton in
the channel and the resulting mass, momentum, and thermal dis-
tnbuuons compared from the model results. These type o1 flow
conditions may occur on the cathode side of fuel cell stacks either
it tnlet or end-plate assemblies or at intenal cell assemblies in the
stack.

In Fig. 3, the number of oxygen moles as a funcuon of the di-
mensioniess channel length are shown tor the different inlet con-
divons. Since the gas phase volume may change down the fuel cell
length, the number of moles of oxygen is given rather than the ox-
vgen concentration. Note that for the two-phase nlet flow case,
the volumetnc flow rate for the liquid phase was set o the same
volumetnc flow rate of the gas phase where the gas tlow rate cor-
responds o the conditions shown 1n Table 1. As shown in Fig. 3,
the number of oxygen moles does not follow a hinear relationship
with the distance down the channel due to the changing momen-
tum cifects in the channel. This etfect would be enhanced with ad-
ditional mamfolds of the cathode flow in the stack resulting in
lower than expected oxygen concentrations in downsteam re-
grons of the tuel cell stack. Consequendy, the dnving force for ox.
vgen diftfusion nto the ¢lectrode layers of the cell 1s decrensed.
This lowenng of the oxygen concentragon would be expected to
lower the clectrochemacal acuvity of the fuel cell as governed by
Rutler-Volmer electrochemical kineties. Changes in the local cur-
rent density would then influence additional transport processes,
however, this effect 15 beyond the scope of the present work, Of
particular importance m Fig. Vis the oxygen mole dissmbution tor
atwo-pluise wlet low Since the hyuid phase oceupies a signifi-
cant traction ot the overall channel volume. increasing the iwmount
of hiquid witer 1n the chinnel (due to the elecaochemical reaction)
decreases tie cross-sectional area tor flow ot the gas phase s
creates a converging duct tor the gas phase cesulting m an icseas.
ing iy phase velocty 1o order to conserve the mass and momen-
tum of the vas phase iy governed by Fgs. thand (7), the uxypen
densaty samulaineously decreases Henee, ihe hgud Hlow resuliy
i much lower number of oxvpen moles i the channel resylun p
m Jowet electrochenucil activity as described above

Ihe temperature distribution m the How channel is shov i
g o tor vanous inlet condstions For the diy aindet 1low at Q29X K,
the s lemperture increases guickly waithin abount 2584 ot the
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channel to a uniform temperature set by the « ~annel wall temper-
ature and the iemperature of the neighbornine ciecirode layer. The
ligquid water entering the channel from the ¢icctrochemical reac
uon is vaponzed until the gas is saturated. as shown in Fig. 5. at
approximately 4% into the channel. Depending on the inlet tem-
perature, this vaporization process can cause a negative or positive
thermal gradient as shown in Fig. 4 for the dry imlet flows. For the
saturated and iwo-phase tlows, the flow of liquid water in the
channel has a tendency o distribute the heat more evenly down
the flow channel. For the saturated inlet flows, 4 higher liquid
phase velocity exists at 353 K than at 298 K resulting in a more
uniform temperature distribution for the 353 K inlet case as shown
in kig. 4.

Since the liquid phase has an important effect on the mass,
momentum, and thermal distributions of the gas phase, it might be
desirable to indicate where and bow much liquid water exists in
the flow channels. Figure 6 shows the volume percent of liquid
water in the flow channel for a dry inlet gas entering at different
temperatures. The onset of liquid water production occurs over a
range of 4) to 50% down the channe] length for a dry inlet gas
lemperature ranging from 25 to 80 °C, respecuively. The accumu-
lation of this product water over many cells in the fuel cel! stack
would eventually cause lower reactant concentrations, as shown
in Fig. 3, unless the gas stream is intemnally dehumidified. The
production rate of water, Eq. (6), is dependent upon the fraction of
waler entering the cathode as governed by the parameter /.. Note
that this parameter value may assume a value larger than one since
it is possible for water in the anode (0 migrate by electroosmotic
cffects and combine with the electrochemically produced wateron
the cathode side. [he effects of this parameter on the fluid temper-
ature, Fig. 7, shows that increases in the water production rate
causes a decrease in the fluid temperature in the channel. This
phenomena may be self-correcting in that the lower temperature
in the channel may cause a lower temperature in the electrode
through conducuon and, hence, lower the electrochemical reac-
uon rate. The complex relatonship of the mass, momentum, and
thermal distributions 1n the flow field is strongly dependent on the
heat transfer effects. 'rom a design viewpoint, enhanced fuel cell
periormance can be gauned by considenn these transpon effects
in designing fuel cell stacks. These design considerations can help
mimmize areas of clectrochemical inactivity by preventing low
reactant concentrations and by controlling undesirable thermal
gradients that may lower reaction rates in the clectrodes as well as
influence the waler management,

SUMMARY

A mathemaucal nuxdel of the mult-component, two-phase
Now in a tuel cell gis channel was developed and used o deter-
nune the nuss, motientam, and thermd distribations in the tlow
fiekd. 1t was shown that the oxvgen concentration could oblium ex-
ceedingly low vidues when iiyoid water was introduced in the
How neld as a result ol changing the gas phise momentum. her-
tnal and hqurd water distiibutions were shown mdicatng the com-
plex wiver and thermnl management issies assecinted wath this
svatemn e ability 1o predict the thermal widd witey behavuor ol
the flow feld can be apphied to an entire tuel cell sk 1 ender o,
obtin and understiund better this phienotiena which can and in de-
signing hrgher perfonmming tuel cell stacks
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Table 1: Base case parameter va:: - for the single

channel flow i ... |,
Parameter Value
Channel length, L _ 160.0 cm
Channel width, W 0.127 cm
(Channel depth, D 0.127 cm
Pressure, P 3.0 atm
Inlet temperature, T 298.15K
Temperature in fuel cell, 7y, 363.15K
Temperature of wall @ inlet, :,'au 353.15K
Temperature of wall @ outlet. Tor), 315K
Inlet gas stoichiometry 2
Inlet liquid flow 0 lpm
Current density, j 10764 A/cm®
Water fraction, /. 1.0
5.0 —p— a
RH = 0%
r_ e RH = 100%

hc-pﬁnu ullot 1

Doy (= 10")

Mgure 3. Number of oxvgen moles in Lhe flow
channel for different inlet relative humidities (RII)
and inlel \emperatures.
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